1. Blood pressure, left ventricular mass and platelet cytosolic free calcium concentrations were measured in 23 patients with untreated primary hyperparathyroidism, 30 norniotensive control subjects and 23 control subjects matched for age, sex and blood pressure. In 12 patients measurements were repeated after parathyroidectomy.
INTRODUCTION
An association between hypertension and hyperparathyroidism has been recognized for 30 years, but there is still uncertainty about the prevalence of hypertension [ 1-31 and the blood pressure response to parathyroidectomy [3-61. Parathyroid hormone (PTH) has also been implicated in the pathogenesis of left ventricular hypertrophy [7] . Little is known about the mechanism of these cardiovascular effects, but renal damage [ I , 61, a direct effect of hypercalcaemia on vascular smooth muscle [Sl and activation of the renin-angiotensin system [9] have all been implicated. Paradoxically, intravenous administration of PTH causes vasodilatation and systemic hypotension [ 101.
The cellular mechanism that translates chronic excess of PTH to high blood pressure is unknown. PTH may stimulate the sympathetic nervous system or affect secretion of vasoactive hormones through changes in the concentration of free calcium in the cytosol [ 1 I]. High levels of free calcium in platelets have been described in some patients with essential hypertcnsion [ 12, 131 and there has been speculation that similar abnormalities, present in vascular smooth muscle, may cause the characteristic increase in peripheral vascular resistance. It was therefore of interest to determine whether platelet calcium levels were increased in patients with chronic extracellular hypercalcaemia due to primary hyperparathyroidism and to relate these calcium levels to arterial pressure and left ventricular mass.
METHODS

Patients
Patients with untreated primary hyperparathyroidism, untreated essential hypertension and normal control subjects were studied. There were 23 patients with primary hyperparathyroidism (four men and 19 women), aged 27-76 years. The biochemical diagnosis was made on the basis of persistently raised serum calcium con-centrations with PTH values that were inappropriately high. Seventeen out of 2 3 patients had parathyroidectomy. In 12 patients a single parathyroid adenoma was removed and in four others the gland showed parathyroid hyperplasia. In one patient an adenoma was not found during the first neck exploration and a mediastinal location was suspected. Three patients declined to have surgery and in three surgery has been deferred.
Thirty normal control subjects (11 men and 19 women), 31-68 years of age, were also studied. Because 20% of patients with primary hyperparathyroidism had high blood pressure (WHO grade 1 and 11) a further control group was defined which allowed subjects to be matched for blood pressure. Each patient with primary hyperparathyroidism was matched for age, sex and mean arterial pressure (MAP) with a subject from the normal control group or from a group of 30 untreated hypertensive patients previously described in detail [ 141. The age-, sex-and blood pressure-matched control group consisted of 23 subjects (four men and 19 women), aged 34-65 years. Patients with essential hypertension had diastolic pressures above 95 mmHg at two or three clinic visits (5 min in sitting position). All subjects had normal serum concentrations of potassium. Mean values of serum creatinine in the primary hyperparathyroid group, the normotensive control group and the. control group matched for blood pressure were: 78.2f 16.3 (sD), 80+ 14 and 78.8+ 15.6 pmol/l, respectively. The study protocol was approved by the Western Infirmary Ethical Committee and all subjects gave informed consent.
On the morning of the study, subjects attended the Department after fasting from 24.00 hours the previous day. After 5 min in the seated position, blood pressures were measured three times with a Hawksley random zero sphygmomanometer. Control subjects with diastolic pressures greater than 90 mmHg were excluded. An indwelling cannula was then inserted into a forearm vein and after 30 min recumbency, 40 ml of blood was taken into sodium citrate for measurements of cytosolic free calcium concentration ([Ca'+],) in platelets. Blood was also taken for measurement of serum total calcium, ionized calcium, albumin, and plasma PTH, active renin, angiotensin 11, aldosterone, adrenaline, noradrenaline and atrial natriuretic peptide. We then performed twodimensional and M-mode echocardiography to estimate left ventricular mass. In 12 patients all measurements were repeated 6-12 months after parathyroidectomy.
Platelet [Ca2 +Ii
Platelet [Ca,'], was measured using Quin 2 [15] . Platelet-rich plasma was prepared by centrifuging citrated whole blood [ 1 ml of 3.9"h (w/v) sodium citrate and 9 ml of blood] at 250 g for 5 min at room temperature. Platelet-rich plasma was then incubated for 30 min at 37°C with 10 ,umol/l Quin 2 acetoxymethylester (Quin 2-AM; Lancaster Synthesis Ltd, Morecambe, Lams., U.K.). Ethyleneglycolbis( aminoethy1ether)tetra-acetate ( 5 mmol/l; Fluka) was added and platelet-rich plasma was then centrifuged at 250 gfor 10 min. The supernatant was removed and the pellet was resuspended in calcium-poor medium containing (mmol/l): 140 NaCI, 1 KCI, 1 MgCI,, 10 glucose, and 20 4-( 2-hydroxyethy1)-l-piperazineethanesulphonic acid, titrated to pH 7.3 at 37°C. The cells in the suspension were counted in a Coulter Counter (Technicon H-lT" system) and the concentration of cells was adjusted to 1.5-2 x 1UX/ml. Calcium in the medium was restored to 1 mmol/l by adding CaCI,. Fluorescence was measured with a Perkin-Elmer LS-3B spectrofluorometer at 339 nm excitation and 492 nm emission wavelengths. The calibration of intracellular fluorescence as a function of [Ca2+], was performed as previously described [ 151 and [Ca2+], was calculated from the equation:
where 1 15 represents the equilibrium dissociation constant (nmol/l), and F the fluorescence of the intact cell suspension, F,,, the maximum fluorescence obtained after the cells were solubilized with digitonin (50 pmol/l; Sigma), and Fmi,,, the minimal fluorescence obtained in the presence of 2 mmol/l MnCI,.
The within-assay coefficient of variation, as measured in five experiments each with 10-15 separate [Ca2+], estimations, was less than 10% on each occasion. The between-assay coefficient of variation measured on 10 separate occasions was also 10%.
[Ca2+], results are expressed as the mean of triplicate measurements.
Other biochemical variables
Ionized calcium concentrations corrected to pH 7.4 were measured using a Radiometer ICA-1 ionized calcium analyser [16] . Total calcium and protein were measured on an SMAC-1 (Technician Instruments Corporation, Basingstoke, Hants, U.K.), according to the manufacturer's protocol. Total serum calcium values were corrected for albumin concentration using the formula: Calcium (corrected) = measured calcium + 0.02 X Serum PTH was measured with a two-site immunometric assay for intact 1-84 human PTH using monoclonal antibodies [ 171. Plasma active renin, angiotensin 11, aldosterone and atrial natriuretic peptide concentrations were measured by radioimmunoassay [ 18-2 11 and catecholamines by a radioenzymatic method [22] .
Left ventricular mass Echocardiography was carried out by one investigator using a Hewlett-Packard Ultrasound Unit with a 2.5 MHz transducer. M-mode recordings were coded and analysed by a second investigator who was unaware of the details of patients and control subjects. The echocardiographic results quoted are entirely those produced by the second observer who analysed numerically coded M-mode recordings. Calculations were made with a digitizing tablet and microcomputer (Contron). Left ventricular posterior wall thickness, interventricular septa1 thickness and left ventricular diastolic diameter were all measured distal to the tips of the mitral valve leaflets and at the peak of the R-wave on the electrocardiogram. Measurements were made over three consecutive cardiac cycles, and mean values were calculated. Left ventricular mass was then calculated by the cube formula using the Penn convention, according to the method described by Devereux & Reichek [23] . The reproducibility of echocardiographic measurements in a single subject was calculated by measuring echocardiographic left ventricular mass on ten occasions in the same healthy volunteer. The coefficient of variation was 2.9%.
Statistical analyisis
Comparisons between groups were performed using the Mann-Whitney U-test. Normally distributed variables are expressed as means, SEM and 95% confidence intervals. Other results are given as medians with 95% confidence intervals. Comparison of results before and after parathyroidectomy were made using Wilcoxon signed-rank test and correlations were calculated by the rank Spearman method. P values less than 0.05 were regarded as significant.
RESULTS
Clinical details, serum concentrations of total calcium, ionized calcium and phosphate, and plasma concentrations of PTH, renin, angiotensin 11, aldosterone, atrial natriuretic peptide and catecholamines are summarized in Tables 1 and 2 . Both control groups were matched for age and body weight, and the second control group was also matched for sex and blood pressure. The systolic and diastolic pressures and MAPS were significantly higher in patients with primary hyperparathyroidism than in normotensive control subjects ( Table 1 ) and five out of 23 patients (20%) were hypertensive (WHO grades I and 11).
As expected, serum concentrations of total calcium and ionized calcium and plasma concentrations of PTH were significantly higher, and serum concentration of phosphate significantly lower, in patients with primary hyperparathyroidism. Plasma concentrations of active ( r = -0.46, f'<0.05; Fig. 2 ). In 11 patients in whom [Ca2 +Ii was measured before and after successful parathyroidectomy there was a tendency for [Ca2+Ii to rise after the removal of a parathyroid adenoma, but this was not significant ( P = 0.068; Fig. 1) .
Left ventricular mass index was significantly higher in the primary hyperparathyroid group than in either of the control groups (Table 1) . Parathyroidectomy was associated with a small reduction in mass index of the left ventricle (Table 3) . Despite a fall of 32 mmHg in systolic blood pressure in one patient, there were no significant changes in blood pressure in the group as a whole (Table  3 ). After parathyroidectomy there was a small but signifi- Diastolic blood pressure (mmHg) Fig. 2 . Relationship between platelet [Ca2+Ii and diastolic blood pressure in the primary hyperparathyroid group ( i t = 22, r = -0.46, P < 0.05). Table 3 . Blood pressure, left ventricular mass index, extracellular calcium and hormone levels before and after parathyroidectomy in patients with primary hyperparathyroidism Results are expressed as m e a n s k~~~ or medians and 95% confidence intervals ( ) I = 12).
Abbreviation: LV, left ventricular. cant increase in the plasma concentration of aldosterone, but otherwise there were no differences in plasma concentrations of active renin, angiotensin 11, catecholamines or atrial natriuretic peptide (Table 3) .
DISCUSSION
The introduction of multichannel analysers has increased the apparent incidence of primary hyperparathyroidism. Heath et af. [2] reported a four-fold increase in the diagnosis after measurements of serum calcium concentrations became routine. There is uncertainty about the need for surgery in such patients, most of whom have no symptoms [24] . High blood pressure in a patient with primary hyperparathyroidism has been considered as an indication for early parathyroidectomy [3] , which assumes that a causal relationship has been established. In retrospective studies the prevalence of hypertension in primary hyperparathyroidism is variously estimated between 20 and 70% [ 1, 2, 41. This often reflects differences in methods of blood pressure measurement, diagnostic criteria for hypertension and severity of hyperparathyroidism. In the present small series of patients with mild primary hyperparathyroidism we found that 20% of patients had raised blood pressures. As in other studies, removal of a parathyroid adenoma did not lower the blood pressures [3, 6, 24, 251 . The surgical treatment of other forms of secondary hypertension usually lowers blood pressure, but not always to normal levels [26] . The mean age of patients with primary hyperparathyroidism at the time of diagnosis is around 50 years [l] . In the general population at this age, the prevalence of hypertension is approximately 16%. Therefore a number of patients with hyperparathyroidism and hypertension may have essential hypertension that is causally unrelated to their hyperparathyroidism.
In a proportion of patients with normal renal function, short-term infusion of calcium increases blood pressure, and this hypertensive effect is more prominent in patients with renal insufficiency [S, 91. A link between chronic hypercalcaemia due to disorders other than hyperparathyroidism and hypertension has also been suspected [27] . On the other hand, it has been suggested that hyperparathyroidism may develop in response to the calcium leak that is present in essential hypertension [28] .
The cellular basis for the effects of chronic PTH excess on blood pressure is unknown. PTH increases calcium entry in several cell types including cardiac myocytes [29] . Such an effect on vascular smooth muscle should cause vasoconstriction. However, exogenous PTH is a potent vasodilator in both systemic and regional infusion studies [lo, 301. Rasmussen [31] has proposed that PTH acts through dual second-messenger systems, namely adenosine 3'5'-cyclic monophosphate and [Ca'+],. The acute action of PTH in vascular smooth muscle is primarily mediated by adenosine 3'5'-cyclic monophosphate which stimulates phosphorylation of myosin 1,ight chain kinase and lowers [Ca"+], levels [32] . This would be in keeping with our findings of lower [Ca2+], in patients with primary hyperparathyroidism than in control subjects matched for blood pressure. It seems unlikely that this difference in [Ca"], was due to increased platelet calcium in subjects with essential hypertension included in the control group matched for blood pressure. First, platelet calcium concentrations in the hyperparathyroid group tended to be lower than those in the normotensive control group. Secondly, we have shown previously [ 141 that platelet [Ca2+], did not differ between essential hypertensive patients and matched control subjects.
Another possible explanation for the above findings is related to the 'membrane-stabilizing effect' of increased extracellular calcium concentrations. High concentrations of calcium have been shown to decrease membrane permeability to monovalent ions and, by altering membrane potential, to affect permeability to and release of calcium ions [33, 341. Increasing concentrations of extracellular calcium result in decreases in vascular smooth muscle contractile responses, which suggests that cytosolic calcium has been reduced [35] . It is conceivable that a similar mechanism could contribute to the lower [Ca2+], in platelets exposed to high extracellular calcium concentrations.
Brinton et af. [9] reported high plasma renin activity in four hypertensive hyperparathyroid patients with falls in renin and blood pressure after parathyroidectomy. In our study plasma renin and angiotensin 11 levels were not high and were not affected by surgery. The small but significant rise in plasma aldosterone concentration may have resulted from release of the tonic inhibitory effect of hypercalcaemia [25, 36] .
An increased rate of mortality from cardiovascular causes has been reported in patients with primary hyperparathyroidism [37] . This could be related to left ventricular hypertrophy which has been reported in hyperparathyroid patients with normal blood pressure [7] . Synions et al. [7] , using M-mode echocardiography, found severe left ventricular hypertrophy in 15 out of 16 patients with primary hyperparathyroidism with echocardiographic features of hypertrophic cardiomyopathy in five. We used two-dimensional and M-mode echocardiography and found high left ventricular mass indices but no features of hypertrophic cardiomyopathy. There was some evidence that the degree of left ventricular hypertrophy was out of proportion to the blood pressure, suggesting that extracellular calcium or PTH may have direct effects on the heart.
In conclusion, we found that 20% of patients with primary hyperparathyroidism had high blood pressures and that there was slightly more left ventricular hypertrophy than might be expected from the blood pressure alone. Despite extracellular hypercalcaemia, [Ca2+Ii was lower than in control subjects matched for blood pressure and this may reflect effects of PTH or extracellular hypercalcaemia on intracellular calcium homoeostasis. The lack of response of blood pressure to surgery must raise doubts about the causal nature of the relationship between asymptomatic hyperparathyroidism and high blood pressure.
